Introduction
Over the past 25 to 30 years, much interest has focused on the relationship between nephron number, adult hypertension, and risk of chronic kidney disease (CKD) (1) (2) (3) . An association between low nephron number and hypertension has been described in some autopsy studies. Keller et al. (4) reported that 10 German hypertensives had approximately half the number of nephrons as 10 normotensives. In a US cross-sectional community adult autopsy study of 171 African Americans and 131 whites, a weak association was found between low nephron number and hypertension for white females but with no significant relationship for white males or African American males or females (5, 6) . Australian Aborigines have high rates of endstage renal disease (ESRD) and have notably fewer nephrons than Australian whites, and hypertensive Aboriginals have 30% fewer nephrons than those without hypertension (7) .
No previous study has reported nephron number in an Asian population, despite the fact that Japan competes with Taiwan as having the highest incidence of ESRD in the world, with the Japanese in 2012 reporting an annual rate of 2,365 persons per million (8) . Tsuboi et al. (9) showed that low glomerular den-It has been suggested that low nephron number contributes to glomerular hypertension and hyperperfusion injury in progressive chronic kidney disease (CKD). The incidence of CKD in Japan is among the highest in the world, but the reasons remain unclear. We estimated total nephron (glomerular) number (Nglom TOTAL ) as well as numbers of nonsclerosed (Nglom NSG ) and globally sclerosed glomeruli (Nglom GSG ), and the mean volume of nonsclerosed glomeruli (Vglom NSG ) in Japanese normotensive, hypertensive, and CKD subjects and investigated associations between these parameters and estimated glomerular filtration rate (eGFR). Autopsy kidneys from age-matched Japanese men (9 normotensives, 9 hypertensives, 9 CKD) had nephron number and Vglom NSG estimated using disector/fractionator stereology. Subject eGFR, single-nephron eGFR (SNeGFR), and the ratio SNeGFR/Vglom NSG were calculated. Nglom NSG in Japanese with hypertension (392,108 ± 87,605; P < 0.001) and CKD (268,043 ± 106,968; P < 0.001) was less than in normotensives (640,399 ± 160,016). eGFR was directly correlated with Nglom NSG (r = 0.70, P < 0.001) and inversely correlated with Vglom NSG (r = -0.53, P < 0.01). SNeGFR was higher in hypertensives than normotensives (P = 0.03), but was similar in normotensives and CKD, while the ratio SNeGFR/Vglom NSG was similar in normotensives and hypertensives but markedly reduced in CKD. Nephron number in Japanese with hypertension or CKD was low. This results in a higher SNeGFR in hypertensives compared with normotensive and CKD subjects, but lowered SNeGFR/Vglom NSG in CKD subjects, suggesting that changes in GFR are accommodated by glomerular hypertrophy rather than glomerular hypertension. These findings suggest glomerular hypertrophy is a dominant factor in maintenance of GFR under conditions of low nephron number. sity in Japanese renal biopsies was associated with more rapid progression of primary glomerulonephritis. Based on these findings, Tsuboi et al. proposed that glomerular density, at least in part, reflects the nephron number of each individual and that Japanese subjects may have a low nephron number that potentially marks their risk of hypertension and CKD (10) (11) (12) .
Autopsy studies have also reported strong inverse correlations between total glomerular number and mean glomerular volume (5, 13, 14) . These findings suggest that larger glomeruli have undergone compensatory hypertrophic growth that tends to normalize the total glomerular volume in a kidney (15) . Glomerular hypertrophy also occurs with hypertension and obesity, suggesting that increased metabolic and excretory demands can contribute to compensatory glomerular growth (16) (17) (18) . Although the effect of increased glomerular volume on glomerular function is unclear (18) (19) (20) (21) , Denic et al. recently found that single-nephron glomerular filtration rate (SNGFR; measured GFR divided by the number of nephrons) in healthy adult kidney donors was fairly constant with regard to age, sex, and height (if < 190 cm) (22) . However, these authors found that higher SNGFR was independently associated with larger nephrons on biopsy and more glomerulosclerosis and arteriosclerosis than would be expected for the donors' age. Because of the close correlation between glomerular number and volume, associations between glomerular volume and SNGFR in the context of hypertensive or CKD status are of particular interest, and may provide new insights into glomerular hyperfiltration.
In the present study, we assessed nephron number at autopsy in 3 age-matched Japanese groups (normotensive, hypertensive, and CKD subjects). We analyzed associations between renal function (estimated GFR, eGFR) and glomerular number and volume in order to investigate the role of single-nephron eGFR (SNeGFR) in the development of hypertension and CKD.
Results
Demographics. Kidneys from 27 Japanese male subjects were collected at Nippon Medical School (Tokyo, Japan) during autopsy and were divided into 3 age-matched groups: normotensive (n = 9), hypertensive (n = 9), and CKD (n = 9) ( Figure 1) . Table 1 provides demographic and clinical data for the normotensive, hypertensive, and CKD subjects. The age range for normotensives was 53 to 72 years, with 2 subjects 70 years or older; for hypertensives was 51 to 84 years, with 5 subjects 70 years or older; and for CKD was 61 to 79 years, with 5 subjects 70 years or older.
Renal function and histopathology. CKD subjects had the lowest eGFR (34.8 ± 11.8 ml/min/1.73 m 2 ; P < 0.001 compared with normotensives and hypertensives). Blood urea nitrogen and uric acid were highest in CKD subjects (P = 0.04 and P = 0.03, respectively). Plasma hemoglobin, total protein, and albumin were similar in the 3 groups, indicating that differences in oncotic pressure were unlikely to influence glomerular hemodynamics. Histopathologic analysis showed that the 9 CKD subjects had benign nephrosclerosis.
Kidney morphometric data and SNeGFR for the 3 groups are presented in Table 2 . Kidney weights and cortical volumes were similar in the 3 groups. The extent of glomerulosclerosis, evaluated by calculating a glomerulosclerosis index (GSI; percentage of glomeruli that were sclerotic), was highest in CKD subjects (P = 0.01).
Progressive nephron deficit in association with hypertension and CKD. Kidneys of hypertensive subjects contained approximately 39% fewer nonsclerosed glomeruli (Nglom NSG ) than those of normotensive subjects (392,108 ± 87,605 [range 264,770-507,077] vs. 640,399 ± 160,016 [range 390,352-938,659], P < 0.001). CKD subjects had significantly fewer Nglom NSG (268,043 ± 106,968 [range 65,086-402,102]) than both hypertensives (P = 0.04) and normotensives (P < 0.001) ( Figure 2A ). Interestingly, despite the GSI being significantly higher in the CKD group than in the other 2 groups, the numbers of globally sclerotic glomeruli (Nglom GSG ) in the 3 groups was very similar, and quite low, ranging from 25,741 ± 9,941 in the normotensive group to 31,390 ± 19,605 in the hypertensive group.
Compensatory glomerular hypertrophy in hypertensive and CKD subjects. Compared with normotensives (5.98 ± 1.44 [4.02-7.25] × 10 6 μm 3 ), the mean volume of nonsclerosed glomeruli (Vglom NSG ) was higher in hypertensives (7.74 ± 1.43 [6.49-9 .91] × 10 6 μm 3 , P = 0.02), and markedly higher in CKD subjects (10.86 ± 3.83 [6.48-18 .92] × 10 6 μm 3 , P < 0.001 vs. normotensives, P = 0.001 vs. hypertensives, Figure  2B ). Thus, mean glomerular volume in CKD subjects was almost double that in normotensive subjects. There was a strong inverse relationship between Nglom NSG and Vglom NSG , such that Vglom NSGtotal (the product of Nglom NSG and Vglom NSG ) was similar in the 3 groups (P = 0.06, Figure 2C ). While Nglom NSG was inversely correlated with glomerulosclerosis (P < 0.01), no association was found between Vglom NSG and glomerulosclerosis (P = 0.20).
Associations between kidney weight, cortical volume, nephron number, and eGFR. Nglom NSG was strongly and directly associated with eGFR (r = 0.70, P < 0.0001, Figure 3A ), while Vglom NSG was inversely correlated with eGFR (r = -0.63, P < 0.01, Figure 3B ). There was a modest correlation between Vglom NS-Gtotal and eGFR (r = -0.39, P = 0.04). The association between eGFR and kidney weight did not reach statistical significance (r = 0.36, P = 0.07, Figure 3C ), and cortical volume was mildly correlated with eGFR (r = 0.39, P = 0.04, Figure 3D ). While there were no statistical differences between normotensive, hypertensive, and CKD subjects in kidney weight (P = 0.08) or cortical volume (P = 0.47) ( Table 2) , there was a strong positive correlation between these variables (r = 0.68, P < 0.001, Figure 4A ). Both kidney weight and cortical volume were strongly associated with the number of total glomeruli per kidney (Nglom TOTAL ) ( Figure 4 , B and C, respectively).
Associations between eGFR and glomerular number and size. In order to further analyze associations between eGFR and glomerular number and size, we calculated SNeGFR and the ratio between SNeGFR and Vglom NSG . SNeGFR was calculated by dividing eGFR by the total number of nonsclerosed glomeruli per subject (Nglom NSG × 2, where 2 accounts for 2 kidneys). SNeGFR was significantly higher in hypertensives than in normotensives (P = 0.03), but similar in normotensive and CKD subjects (P = 0.81, Figure  5A ). SNeGFR/Vglom NSG was similar in normotensives and hypertensives, but about 50% lower in CKD subjects (P < 0.001, Figure 5B ).
Discussion
The main findings from this study of aging Japanese were (a) nephron number in normotensive Japanese is lower than in several other races, (b) hypertensive subjects had fewer nephrons than normotensives, (c) nephron number in CKD subjects was significantly lower than in normotensive and hypertensive subjects, (d) eGFR was directly correlated with the number of nonsclerosed glomeruli, (e) SNeGFR in hypertensive subjects was higher than in normotensives and subjects with CKD, and (f) in CKD subjects reduced nephron number was associated with glomerular hypertrophy and a decrease in the ratio SNeGFR/Vglom NSG . Our data suggest that glomerular hypertrophy may be a dominant factor in maintenance of GFR in the setting of a low nephron number.
Nephron number in normotensive Japanese subjects is one of the lowest nephron counts yet reported. Estimates obtained using the disector/fractionator combination in other races are provided in Table 3 . We speculate that 4 factors may explain this low nephron count in normotensive Japanese.
First, it is possible that the low nephron number in Japanese is simply in proportion to their smaller body size. Denic et al. (23) recently reported a direct correlation between height and glomerular number in 1,638 US kidney donors. With smaller height, it is likely that the Japanese subjects had appropriately Fifty-nine Japanese kidneys were collected at autopsy. Nine kidneys with CKD were selected according to eGFR less than 60 ml/min/1.73 m 2 , and compared with 9 normotensive and 9 hypertensive subjects based on the inclusion criteria. Subjects were age and sex matched. eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease.
smaller organ size generally and nephron endowment in particular. Second, the low nephron count in Japanese may be related to genetic factors. The Japanese population is considered to have a high level of genetic homogeneity due to centuries of isolation. Several studies have reported genetic variants associated with small human kidney size and low nephron number (24, 25) .
Third, the Japanese subjects in the present study were born during and shortly after World War II, a time of poverty and poor living conditions in Japan (26) . Animal studies have shown that nephron number can be influenced by an adverse feto-maternal environment, and a developmental contribution to adult hypertension and CKD in humans is becoming increasingly accepted (27, 28) . We previously reported a direct correlation between total nephron number and birth weight in white and African Americans (14) . The Dutch Winter Famine (29) and the Leningrad Siege (30), periods of starvation, poverty, and stress, have been linked with adverse health outcomes in adulthood (31) (32) (33) . It is therefore possible that the Japanese subjects investigated in the present study were born with low birth weight and low nephron endowment. Unfortunately, birth weight data were not available for the Japanese subjects.
Finally, another potential contributor to the low nephron count in normotensive Japanese is nephron loss associated with glomerulosclerosis. In the present study, nephron number was strongly and inversely correlated with glomerulosclerosis. The GSI in normotensive subjects was 4.1%, with a mean number of 25,741 globally sclerotic glomeruli. The average age of normotensive subjects was 64.1 years. Denic et al. (23) recently reported that aging (>70 years) US transplant donors have nearly 50% fewer nonsclerosed glomeruli than 18-to 40-year-old donors, and this nephron loss is the result of nephrosclerosis with global glomerulosclerosis. Old, obsolescent glomeruli are thought to be absorbed without trace from the kidney, such that the extent of glomerular loss is unaccounted for by the amount of glomerulosclerosis (23, 34) . Given that 2 of the 9 normotensive subjects were older than 70 years, it is possible that our low nephron counts in normotensive Japanese may also be explained by age-related nephron loss.
Primary hypertension is physiologically and pathologically complex (35, 36) . Less than 10% of individuals develop hypertension before 30 years of age. Afterward, hypertension begins to increase in frequency and is reported in more than 60% of Japanese and US blacks after 65 years of age (37, 38) . In a sample of German road accident victims, Keller et al. (4) found 50% fewer glomeruli in 10 hypertensive German subjects with a median age of 45 years compared with 10 age-matched normotensive subjects. In contrast, in 14 US subjects with onset of hypertension before 40 years of age, no significant difference in nephron number was found compared with cross-sectional normotensive controls, and it was presumed that nephron number was not related to blood pressure (6) . In the present study, 9 Japanese hypertensive subjects with a mean age of 68 years had 37% fewer nephrons than 9 normotensive subjects with a mean age of 64 years. It remains an unanswered question as to whether the hypertension is primary or secondary to glomerulosclerosis and acquired nephron deficit. We found that with lower nephron number, SNeGFR was elevated in hypertensive compared with normotensive subjects. Moreover, the Vglom NSG in CKD was almost twice that of normotensive kidneys. The lower nephron number in CKD resulted in a markedly decreased eGFR, but with glomerular hypertrophy, SNeGFR was similar to that in normotensive subjects. SNeGFR/Vglom NSG was significantly lower in CKD subjects than the other 2 groups. Based on these findings, we propose that when nephron number is low, the reduction in eGFR is limited to a large extent by an increase in the renal ultrafiltration coefficient (Kf), associated with hypertrophy of glomeruli and increased glomerular filtration surface area, which enables hyperfiltration.
The associations described above between glomerular number, glomerular volume, and SNeGFR in normotensive, hypertensive, and CKD subjects are somewhat different from those of Denic et al. who measured these parameters in healthy adult kidney donors (22, 23) . They found that while nephron number decreased with healthy aging, SNGFR remained relatively constant, and glomerular volume did not increase in association with nephron loss (39) . They concluded that this failure to compensate for loss of nephrons in healthy aging might be due to a concurrent decrease in metabolic demand that could influence GFR (22) .
The glomerular loss occurring in CKD is mainly the result of global glomerulosclerosis that is also referred to as ischemic glomerular obsolescence (6, 36) . Hypertension or CKD in the opinion of many in the field is a vascular disease in which glomerular loss is the result of arteriosclerosis in small renal arteries (36, 40, 41) . The very low SNeGFR/Vglom NSG in CKD indicates that while SNeGFR may be in the normal to high range, there is actually a reduction in glomerular capillary hydrostatic pressure (ΔP) in the failing nephrons. The preglomerular arteries in CKD subjects in the present study have arteriolosclerosis and therefore increased resistance, which leads to reduced ΔP and decreased GFR (42) . This would be the anticipated relationship if glomerular obsolescence was initiated by altered perfusion through stenotic preglomerular arteries (6, 36, 40, 41) .
In the present study, despite significantly lower nephron numbers in hypertensive and CKD subjects, cortical volume in the 3 groups was similar, suggesting that a significant degree of hypertrophy of remaining nephron tubules had occurred. Low nephron count in humans has previously been associated with tubular hypertrophy (43) . In response to the increased filtered load, compensatory cellular hypertrophy in proximal tubules increases Na + reabsorption, which restores NaCl delivery to distal tubules via tubuloglomerular feedback (44) . We therefore propose that compensatory nephron hypertrophy is sufficient to account for hyperfiltration, as an alternative to the hypothesis of human glomerular hypertensive injury. When perfusion pressure is reduced by increasing arteriosclerosis, the hypertrophied tuft cannot be maintained and collapses with progression to global glomerulosclerosis.
Our study has several limitations. The first is the small number of subjects with the attendant risks of random statistical error. The small sample size was imposed by the need to have age-matched and sex-matched subjects. Secondly, morphometric analyses were performed on kidneys obtained at autopsy, while functional data and laboratory data were obtained shortly before death. The death process and the changes occurring after death may have confounded to some extent the relationships between morphometric and clinical/physiological data. In addition, the equation used to estimate GFR may not be totally applicable to the non-CKD subjects. While our estimate of Nglom TOTAL was obtained using unbiased stereology (disector/fractionator combination), the estimates of Nglom NSG and Nglom GSG are likely biased because their percentages were based on counts of glomerular profiles in single sections, such that smaller sclerotic glomeruli may have been undersampled compared with larger nonsclerotic glomeruli. However, the numbers of sclerotic glomeruli were small, and we believe the overall bias is similarly small. Moreover, Rosenberg et al. (45) showed that the percentage of sclerotic glomeruli in sections is a reasonable estimate of the percentage of sclerotic glomeruli in the cortex. Our findings may not be applicable to other Asian populations, newer generations of Japanese, or Japanese residents of other countries. Comparative studies would be valuable in younger Japanese as well as US Asians, with the latter in the US Renal Data Survey having no increased risk of hypertensive CKD.
In conclusion, the present findings suggest that lower nephron number in elderly Japanese may be a feature of their susceptibility to hypertensive CKD. We show that eGFR is directly correlated with Nglom NSG , and our findings suggest that maintenance of filtration is principally accommodated by compensatory glomerular hypertrophy rather than glomerular hypertension.
Methods
Subject selection and kidney collection. Kidneys from 59 Japanese subjects aged 28 to 85 years were collected at Nippon Medical School, Tokyo, Japan, during autopsies performed between January 2010 and November 2014.
Total nephron (glomerular) number (Nglom TOTAL ), the numbers of nonsclerotic (Nglom NSG ) and globally sclerotic (Nglom GSG ) glomeruli, and the mean volume of NSG (Vglom NSG ) were determined in normotensive, hypertensive, and CKD Japanese subjects. Inclusion criteria were (a) death after the age of 18 years, (b) no history of primary or secondary glomerular disease, and (c) male sex. Subjects were categorized into hypertensive and nonhypertensive on the basis of a history of hypertension, consistently elevated blood pressure (≥140/90 mmHg), or treatment with antihypertensive medications. Subjects with CKD were defined as those with eGFR less than 60 ml/min/1.73 m 2 . Twenty-seven kidneys were selected based on these criteria and categorized based on hypertensive or CKD status (n = 9 normotensives, n = 9 hypertensives, n = 9 CKD subjects). eGFR was available within 1 month of death.
Demographic data and clinical variables. General demographic data including age, race, sex, height, body weight, kidney weight, medical history, treatment, blood pressure, and cause of death were obtained from autopsy reports and medical records. Serum laboratory values for creatinine (sCr), blood urea nitrogen, uric acid, hemoglobin, total protein, and albumin were obtained within 1 month before death.
Definitions. eGFR for Japanese subjects was calculated using a Estimation of nephron numbers and mean glomerular volume. To calculate Nglom TOTAL , as well as the numbers of Nglom NSG and Nglom GSG , we first estimated Nglom TOTAL using the physical disector/fractionator combination at Monash University. Details of this method have been published previously (48, 49) , but are briefly described here. Kidneys were perfusion-fixed with 10% formalin, and a known weight fraction of tissue was sampled (fraction 1). Fraction 1 was sliced into approximately 1 cm × 1 cm × 1 mm tissue blocks and systematically sampled to obtain a slice fraction (fraction 2) and processed for embedding in glycolmethacrylate. Tissue shrinkage in glycolmethacrylate is much less than in paraffin and thereby provides more realistic estimates of glomerular size. These sampled blocks were exhaustively sectioned at 20 μm, and every 10th and 11th section pair (fraction 3) was stained with Periodic acid-Schiff stain (PAS). Section pairs with complete kidney sections were viewed using paired microscopes fitted with projection arms, and a motorized stage was used to obtain a systematic uniform random sample of microscopic fields for glomerular counting. Nglom TOTAL was estimated using the following equation:
where f 1 is the weight fraction of tissue sampled (kidney weight/weight of 4-mm slices), f 2 is the inverse of the slice sampling fraction, f 3 is the inverse of the section sampling fraction (i.e., 1/10 or 10), and Fa = [Ps × a(p)]/[2 × Pf × a(p)]. Ps × a(p) is the sum of points overlying all kidney sections on microfiche multiplied by the area associated with each grid point, and Pf × a(p) is the sum of points overlying complete kidney sections on physical disector multiplied by the area associated with each grid point (13) . Glomeruli were counted using the disector principle, in that only those glomeruli present in one section field but absent from the next section in the pair were counted; Qis the number of glomeruli actually counted with the disector. In this study, the average Qper kidney was 117, with values ranging from 82 to 222.
Because of the low numbers of sclerotic glomeruli in the 3 groups of kidneys, it was not possible to estimate numbers of sclerotic glomeruli using the disector principle, where a Qof around 100 is required to obtain estimates with a suitably low coefficient of error. Therefore, to obtain separate estimates for Nglom NSG and Nglom GSG per kidney, profiles of nonsclerotic and sclerotic glomeruli were counted in 1 PAS-stained glycolmethacrylate section from each sampled block per kidney using unbiased counting frames (50) . The percentage of nonsclerotic and sclerotic glomerular profiles was calculated for each kidney and then multiplied by Nglom TOTAL to obtain Nglom NSG and Nglom GSG .
To estimate the Vglom NSG , the volume density of nonsclerosed glomeruli in renal cortex (V VNSG,Cort ) was divided by the numerical density of nonsclerosed glomeruli in cortex (N VNSG,Cort ). The former was estimated in the single glycolmethacrylate sections used to count nonsclerotic and sclerotic glomerular profiles, while the latter was estimated by dividing Nglom NSG by cortical volume.
Cortical volume was estimated using the Cavalieri principle by counting the number of stereological test grid points overlying the cortical area in every tenth section used for point counting (51, 52) . The following formula was used to calculate cortical volume: Cortical volume = f 1 × f 2 × f 3 × ∑P × a(p) × T, where f 1 is the weight fraction of tissue sampled, f 2 is the inverse of the slice sampling fraction, f 3 is the inverse of the section sampling fraction, ∑P is the total number of grid points overlying cortex in sections, a(p) is the area of the grid associated with each point, and T is section thickness.
Histopathology. Samples for histopathological analysis were fixed in 10% formalin, embedded in paraffin, sectioned at 2-3 μm, and stained with PAS. Glomerulosclerosis was determined using a standardized GSI In all studies, estimates were obtained using the physical disector/fractionator combination.
